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Background and Objective: Diﬀerent bacteria diﬀerentially stimulate epithelial
cells. Bioﬁlm composition and viability are likely to inﬂuence the epithelial
response. In vitro model systems are commonly used to investigate periodontitis-
associated bacteria and their interactions with the host; therefore, understanding
factors that inﬂuence bioﬁlm–cell interactions is essential. The present study
aimed to develop in vitro monospecies and multispecies bioﬁlms and investigate
the epithelial response to these bioﬁlms.
Material and Methods: Bacterial bioﬁlms were cultured in vitro and then either
live or methanol-ﬁxed bioﬁlms were co-cultured with epithelial cells. Changes in
epithelial cell viability, gene expression and cytokine content of culture super-
natants were evaluated.
Results: Bacterial viability was better preserved within mixed-species bioﬁlm cul-
ture than within single-species bioﬁlm culture. Both mixed- and single-species
bioﬁlms stimulated increased expression of mRNA for interleukin 8 (IL8),
C-X-C motif chemokine ligand 3 (CXCL3), C-X-C motif chemokine ligand 1
(CXCL1), interleukin 1 (IL1), interleukin 6 (IL6), colony-stimulating factor 2
(CSF2) and tumour necrosis factor (TNF), and the response was greatest in
response to mixed-species bioﬁlms. Following co-culture, cytokines detected in
the supernatants included IL-8, IL-6, granulocyte colony-stimulating factor and
granulocyte–macrophage colony-stimulating factor, with the greatest release of
cytokines found following co-culture with methanol-ﬁxed, mixed-species bioﬁlms.
Conclusions: These data show that epithelial cells generate a distinct cytokine
gene- and protein-expression signature in response to live or ﬁxed, single- or
multispecies bioﬁlms.
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The gingival sulcus is lined by a
nonkeratinized, stratiﬁed squamous
epithelium that is in constant contact
with bacteria and their products. As
such, this epithelial barrier is integral
to the maintenance of oral health and
immune homeostasis (1). The epithe-
lium provides a physical barrier, as
well as playing an active role in innate
host defence by releasing soluble
mediators such as cytokines (2).
Advances in our understanding of the
microbiology of periodontal disease
have revealed the complexity of the
bioﬁlm. Key species, such as Porphry-
omonas gingivalis, are instrumental in
bioﬁlm dysbiosis but depend on com-
mensals with capability as accessory
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pathogens, such as Streptococci spp.
(3). In vivo, oral bacteria, such as
P. gingivalis, are found only in multi-
species bioﬁlms within the oral cavity.
Numerous bacteria in the oral bioﬁlm
have synergistic or antagonistic inter-
actions, which can shape the oral bio-
ﬁlm, and these bacterial interactions
are likely to impact on host–bacteria
interactions. The host immune
response to the bioﬁlms plays a key
role in periodontal disease pathogene-
sis. Therefore, investigating the inter-
actions between oral bacteria and the
host immune system is paramount to
understanding the aetiology of peri-
odontal disease. Historically, many
in vitro studies of the host–pathogen
relationship in the oral cavity
investigated bacteria-derived soluble
or secreted molecules, such as
lipopolysaccharide or proteases, or
used planktonic single species (which
could be viable, ﬁxed or heat inacti-
vated) co-cultured with human pri-
mary cells or cell lines. These studies
identiﬁed the speciﬁc role of mole-
cules, receptors and ligands, as well as
the response patterns to speciﬁc bacte-
ria (4). Given the close proximity of
the oral bioﬁlm to the oral epithelial
surface, their interaction is of particu-
lar interest, particularly as epithelial
cells are capable of myriad functions
and of regulating the subsequent
inﬂammatory response (5). Among
their myriad ﬁndings, these studies
revealed that challenging human gin-
gival epithelial cells with live or heat-
killed ‘early colonizer’ bacteria, such
as Streptococcus gordonii, in plank-
tonic form, resulted in the release of
minimal amounts of cytokines, such
as interleukin (IL)-6, IL-8 and IL-1b.
In contrast, cytokine release was sig-
niﬁcantly elevated in response to dis-
ease-associated species such as
Fusobacterium nucleatum (6,7). Co-
culture studies of P. gingivalis and
epithelial cells demonstrated that
P. gingivalis degrades cytokines and
invades host cells (8,9). In vivo, in the
mouth, bacteria exist as complex multi-
species bioﬁlms, and therefore in vitro
studies have increasingly sought to
reproduce the complexities of these
host–bioﬁlm interactions (10). Diﬀer-
ent studies have investigated the eﬀects
on mammalian cells of live and dead
bacteria, bacteria in planktonic and
bioﬁlm forms, single species of bacteria
and multiple species of bacteria in var-
ious combinations. In the present
study we sought to compare the epithe-
lial cell responses to diﬀerent bacteria,
as single and multispecies bioﬁlms, to




Bacteria and bioﬁlms were prepared
as previously described (11). Brieﬂy,
P. gingivalis ATCC 33277 and F. nu-
cleatum ATCC 10596 were grown at
37°C in Schaedler Anaerobe Broth
(Oxoid, Cambridge, UK) for 2 d in
an anaerobic chamber (85% N2, 10%
CO2 and 5% H2; Don Whitley Scien-
tiﬁc Limited, Shipley, UK). Aggregati-
bacter actinomycetemcomitans ATCC
43718 and Streptococcus mitis ATCC
12261 were grown at 37°C in tryptic
soy broth (Sigma, Poole, UK), sup-
plemented with 0.8% weight by vol-
ume (w/v) glucose (BDH, Poole, UK)
and 0.6% (w/v) yeast extract (Oxoid,
Cambridge, UK), for 24 h in 5%
CO2. The bacteria were washed with
phosphate-buﬀered saline then stan-
dardized to approximately
1 9 107 colony-forming units/mL in
artiﬁcial saliva (AS) containing por-
cine stomach mucins (0.25%, w/v)
(Sigma-Aldrich, UK), sodium chloride
(0.35%, w/v) (VWR, Leuven, Bel-
gium), potassium chloride (0.02%, w/
v) (VWR), calcium chloride dihydrate
(0.02%, w/v) (VWR), yeast extract
(0.2%, w/v) (Formedium, Hunstan-
ton, UK), Lab-Lemco powder (0.1%,
w/v) (Oxoid, Hampshire, UK) and
Proteose-Peptone (0.5%, w/v) (Sigma-
Aldrich) in ddH2O (Thermo Scien-
tiﬁc). Urea (Sigma-Aldrich) was
diluted in ddH2O [to give a stock
solution of 40% (w/v) urea] and
added to a ﬁnal concentration of
0.05% (v/v) in AS.
Bioﬁlms were prepared as previously
described (11). Brieﬂy, for monospecies
S. mitis bioﬁlms, 500 lL of standard-
ized S. mitis in AS was transferred to
24-well plates (Corning), containing
ThermanoxTM coverslips (13 mm diam-
eter; Fisher Scientiﬁc, Loughborough,
UK), then incubated at 37°C in 5%
CO2 for 48 h. Porphyromonas gingi-
valis was prepared similarly but incu-
bated at 37°C in an anaerobic
environment for 96 h. For multispecies
bioﬁlms, S. mitis in AS was added for
the ﬁrst 24 h, at 37°C, 5% CO2; super-
natant was then removed and F. nu-
cleatum in AS was added and the
bioﬁlms were incubated anaerobically
for a further 24 h. The supernatant
was removed and ﬁnally the standard-
ized P. gingivalis and A. actino-
mycetemcomitans in AS were added to
the bioﬁlm and incubated at 37°C in
the anaerobic chamber for a further
4 d. In all cases the AS was replaced
daily. Bioﬁlms were visualized by scan-
ning electron microscopy, as previously
described (11). Brieﬂy, bioﬁlms were
washed three times in sterile phos-
phate-buﬀered saline, then ﬁxed and
viewed using a JEOL JSM-6400 scan-
ning electron microscope (Herts, UK).
Bioﬁlms or bacteria described as ‘dead’
or ‘ﬁxed’ were ﬁxed in 100% methanol.
Epithelial cell co-culture
OKF6/TERT2 cells (gifted by the
Rheinwald Laboratory; Brigham and
Women’s Hospital, Boston, MA,
USA), an immortalized human oral
keratinocyte cell line, were cultured
with bioﬁlms or planktonic bacteria
as previously described (11) and as
indicated in the ﬁgure legends. Each
experiment was carried out using an
independently grown ‘batch’ of bio-
ﬁlms, cultured in triplicate in wells
with epithelial cells, and all experi-
ments were repeated at least twice.
Epithelial cell gene-expression
analysis
RNA extraction was performed using
the RNeasy Mini Kit (Qiagen, Hil-
den, Germany), according to the man-
ufacturer’s instructions. A NanoDrop
1000 spectrophotometer (Thermo Sci-
entiﬁc) was used to assess RNA con-
centration and quality. Five-hundred
nanograms of RNA was reverse tran-
scribed, using ‘high capacity RNA-to-
cDNA’ kits (Applied Biosystems,
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Foster City, CA, USA), according to
the manufacturer’s instructions. Gene-
expression analysis was carried out
using a custom-designed ABI
microﬂuidic Taqman Low Density
Array (Applied Biosystems), which
incorporated primer/probe sets to
evaluate expression of genes associ-
ated with gingivitis (12): colony-sti-
mulating factor 3 (CSF3), interleukin
8 (IL8), interleukin-1alpha (IL1a), C-
C motif chemokine ligand 5 (CCL5),
interleukin-1beta (IL1b), C-X-C motif
chemokine ligand 3 (CXCL3), C-C
motif chemokine ligand 3 (CCL3), C-
X3-C motif chemokine receptor 3
(CX3CR1), C-C motif chemokine
ligand 4 (CCL4), C-X-C motif chemo-
kine ligand 10 (CXCL10), C-X-C
motif chemokine ligand 11 (CXCL11),
tumour necrosis factor, alpha (TNFa),
colony-stimulating factor 2 (CSF2),
C-X-C motif chemokine ligand 1
(CXCL1), interleukin 6 (IL6) and C-
X-C motif chemokine ligand 5
(CXCL5). Two housekeeping, control
genes – TATAA-box binding protein
and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) – were utilized
to span the relative abundance/cycle
threshold (Ct) range of the genes on
the card. For the gene-expression anal-
ysis the geometric mean of the house-
keeping gene Ct values was subtracted
from the target gene values and the
DDCt values for each target mRNA
were obtained and used in subsequent
statistical analysis (13).
Protein release from epithelial cells
Supernatants harvested from OKF6
epithelial cells, 4 and 24 h after bacte-
rial bioﬁlm challenge, were evaluated
for IL-1a, IL-6, IL-8, granulocyte–
macrophage colony-stimulating factor
and granulocyte colony-stimulating
factor using Luminex multiplex
beads (ThermoFisher) according to
the manufacturer’s instructions; and
for growth-regulated alpha protein
(Gro-a, encoded by CXCL1), C-X-C
motif chemokine 10 [CXCL10, also
known as interferon-gamma-inducible
protein (IP-10)] and C-C motif che-
mokine 5 (CCL5; also known as
RANTES) using ELISA (Peprotech,
London, UK) according to the manu-
facturer’s instructions.
Epithelial cell viability
The viability of epithelial cells was anal-
ysed using alamarBlue dye (Thermo-
Fisher), according to the manufacturer’s
instructions. The cell culture medium
was removed from the epithelial mono-
layer and epithelial cells were washed
and then incubated with 10% ala-
marBlue. Cell viability was assessed
using alamarBlue and data are
expressed as percentage of the diﬀerence
between the reductions of intensity of
alamarBlue in treated cells versus
untreated controls. DNA and histone
release were also evaluated to assess cell
death, using the Cell Death Detection
ELISAPLUS (Roche Applied Science,
Mannheim, Germany) according to
manufacturer’s instructions. The speciﬁc
enrichment of mono- and
A
B
Fig. 1. Scanning electron micrographs and total viable cell counts of fresh monospecies and multispecies bioﬁlms. (A) Scanning electron
microscopy images of Porphryomonas gingivalis (Pg), Fusobacterium nucleatum (Fn), Aggregatibacter actinomycetemcomitans (Aa) and
Streptococcus mitis (Sm) monospecies bioﬁlms, and their survival over 24 h in cell-culture medium. The bar chart shows the mean number
[given in colony-forming units (CFU)/mL] of viable bacteria recovered from the bioﬁlms  standard error of the mean. (B) Scanning elec-
tron microscopy images of multispecies bioﬁlms, arrows in the SEM show examples of each of the 4 diﬀerent bacteria. Data shown repre-
sent survival over 24 h in cell-culture medium. The results are given in CFU/ml (grouped bar chart) and as proportional changes in
bioﬁlm composition shown as percentage total (%) of the total number of bacteria mixed-species bioﬁlm (stacked bar chart). Statistical
analysis was performed on square root transformations of the CFU/mL value using a two-tailed independent-sample t-test (*p < 0.01,
**p < 0.001, ***p < 0.0001).
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oligonucleosomes released into the cyto-
plasm was assessed and the ratio
between the absorbance values obtained
in media control and bioﬁlm treated
epithelial cells calculated. Epithelial cells
treated with 4 lg/mL of camptothecin
served as the positive control.
Statistical analysis
Graph production, data distribution
and statistical analysis were performed
using GRAPHPAD PRISM (version 6;
Graphpad Software Inc., La Jolla, CA,
USA), MICROSOFT EXCEL and PALEONTO-
LOGICAL STATISTICS (PAST; v3.02) software
(14). After assessing whether data con-
formed to a normal distribution before
and after data transformations,
ANOVA and t-tests were used to inves-
tigate signiﬁcant diﬀerences between
independent groups of data that approx-
imated to a Gaussian distribution.
Welch’s t-test was used when there were
signiﬁcant diﬀerences in the variance of
data between the groups. Although the
analysis was principally exploratory in
nature, a Bonferroni correction was
applied to account for multiple compar-
isons of the data. Log-transformed data
were utilized to carry out principal com-
ponent analysis using PAST.
Results
Biofilm growth in vitro
Porphryomonas gingivalis, S. mitis, F. nu-






















Fig. 2. Gene-expression changes in epithelial cells following stimulation with diﬀerent bioﬁlms. OKF6-TERT2 epithelial cells were chal-
lenged with live (A, C and E) or ﬁxed (B, D and F) bioﬁlms of Streptococcus mitis (A and B), Porphryomonas gingivalis (C and D) and
mixed-species bioﬁlms (E and F) for 4 h (white bars) and 24 h (black bars). Expression of mRNA for gingivitis related genes was assessed
using the TaqMan Low Density Array. Gene expression was normalized to that of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) endogenous control. The bars in each chart represent fold change in gene expression relative to the medium-only control. Sta-
tistical analyses were performed on DDCt values. *Signiﬁcantly diﬀerent from the medium-only control, p < 0.05; **signiﬁcantly diﬀerent
from the medium-only control after Bonferroni correction of the p value. Gene symbols and deﬁnitions: CCL5, C-C motif chemokine
ligand 5; CSF2, colony-stimulating factor 2; CSF3, colony-stimulating factor 3; CXCL1, C-X-C motif chemokine ligand 1; CXCL3, C-X-
C motif chemokine ligand 3; CXCL5, C-X-C motif chemokine ligand 5; CXCL10, C-X-C motif chemokine ligand 10; IL1a, interleukin-
1alpha; IL1b, interleukin-1beta; IL8, interleukin 8; TNFa, tumour necrosis factor, alpha.
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each individually formed communities of
bacteria that adhered to a hydroxyapatite
disk (Fig. 1A). These were of variable
architecture: F. nucleatum formed multi-
layered, relatively dense networks of bac-
teria; P. gingivalis formed relatively
sparse groups of bacteria; and the mixed-
species bioﬁlms formed a dense, complex
multilayered structure, which was notably
more substantial than any of the single-
species bioﬁlms (Fig. 1B). The estab-
lished S. mitis bioﬁlms continued to grow
in cell-culture conditions for 24 h. Over
24 h, A. actinomycetemcomitans main-
tained constant viability; the viability of
F. nucleatum and P. gingivalis signiﬁ-
cantly decreased (Fig. 1A). The propor-
tions of bacteria in the mixed-species
bioﬁlms changed following culture in cell-
culture conditions, with a reduction in
the proportions of F. nucleatum and
A. actinomycetemcomitans, and increases
in the proportions of P. gingivalis and S.
mitis (Fig. 1B).
Expression of genes by epithelial
cells following co-culture with
different bacterial biofilms
Epithelial cells were cultured alone
(media control) or with single-species
or multispecies bacterial bioﬁlms sus-
pended on a disc placed 0.5 mm above
the epithelial cells. This system allows
culture of bioﬁlms of live bacteria with
adjacent ﬂuid and is reminiscent of the
gingival crevicular ﬂuid ﬂow in the
periodontal pocket (15). Thus, the
epithelial cells encounter a small num-
ber of bacteria that are shed from the
bioﬁlm and are also exposed to prod-
ucts of the live bacteria in the bioﬁlm.
The bacteria in the periodontal pocket,
in particular P. gingivalis, are known
to generate products that are cytotoxic
and that can degrade cytokines. There-
fore, to establish the extent to which
live bacteria and their products con-
tribute to the host response, cells were
stimulated with both ﬁxed and live bio-
ﬁlms. The S. mitis and P. gingivalis
monospecies bioﬁlms were selected as
exemplar monospecies bioﬁlms, of
commensal-associated and disease-
associated bacteria, respectively, and
the mixed four-species bioﬁlm was
used as an example of a more complex
multispecies community. The epithelial
cell responses were investigated after 4
Table 1. Comparison of gene expression (mRNA levels), at the 4-h culture time point
Gene
smbﬂive smbﬂive smbfdead smbfdead smbfdead pgbfdead pgbfdead mix live
mix live mix dead pgbfdead mix live mix dead mix live mix dead mix dead
CXCL1 0.082 0.019 0.766 0.143 0.139 0.125 0.045 0.398
CXCL3 0.023 0.021 0.946 0.088 0.147 0.025 0.016 0.142
CXCL5 0.019 0.015 0.054 0.015 0.014 0.060 0.020 0.041
CXCL10 0.032 0.036 0.940 0.128 0.117 0.022 0.026 0.723
CCL5 0.047 0.085 0.061 0.006 0.093 0.651 0.379 0.445
IL8 0.042 0.112 0.281 0.009 0.031 0.002* 0.006 0.010
IL1a 0.033 0.267 0.138 0.051 0.688 0.009 0.055 0.023
IL1b 0.122 0.428 0.002* 0.001* 0.961 0.004 0.052 0.113
IL6 0.062 0.024 0.836 0.210 0.356 0.011 0.001* 0.008
CSF2 0.116 0.142 0.340 0.147 0.157 0.102 0.022 0.245
CSF3 0.140 0.003* 0.364 0.155 0.028 0.124 0.001* 0.475
TNF 0.072 0.200 0.608 0.259 0.636 0.042 0.132 0.165
Values calculated using Welch’s t-test are shown in italics. Bold denotes statistically signiﬁcant diﬀerences in the comparison listed at top.
bf, bioﬁlm; dead, ﬁxed; mix, mixed species; pg, Porphyromonas gingivalis; sm, Streptococcus mitis. Gene symbols and deﬁnitions: CCL5,
C-C motif chemokine ligand 5; CSF2, colony-stimulating factor 2; CSF3, colony-stimulating factor 3; CXCL1, C-X-C motif chemokine
ligand 1; CXCL3, C-X-C motif chemokine ligand 3; CXCL5, C-X-C motif chemokine ligand 5; CXCL10, C-X-C motif chemokine ligand
10; IL1a, interleukin-1alpha; IL1b, interleukin-1beta; IL8, interleukin 8; TNF, tumour necrosis factor.
*Signiﬁcant after Bonferroni correction. If comparisons showed no diﬀerences these were omitted from the table.
A B
Fig. 3. Principal component analysis of changes in epithelial cell gene expression following
exposure to diﬀerent bioﬁlms. The data depicted in Fig. 2 were subjected to principal com-
ponent analysis. Each point represents all the experiments in which cells were stimulated
by exposure to a particular condition and is a vector positioned on each axis according to
the percentage variance from the origin, on two principal component axes (PC1 and PC2).
(A) Data annotated to compare the response to live bioﬁlms (solid squares) with the
response to ﬁxed bioﬁlms (open squares). (B) Data annotated to compare the response to
mixed-species bioﬁlms (solid diamonds) with the response to single-species (open dia-
monds) bioﬁlms.
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or 24 h of culture with bacteria, and all
experiments were repeated at least
twice. Comparisons of the fold change
in gene expression compared with
media control showed that live bacte-
rial bioﬁlms (P. gingivalis, S. mitis or
mixed species) stimulated greater
changes in gene expression than did
methanol-ﬁxed bacterial bioﬁlms.
There was a progressive increase in
both the number of genes up-regulated
and the magnitude of increase from S.
mitis-stimulated epithelial cells, to P.
gingivalis-stimulated cells, with mixed
bioﬁlms resulting in the greatest quali-
tative and quantitative increases in
gene expression (Fig. 2). In response to
stimulation with mixed-species bioﬁlms
there was notable increase in the
expression of mRNA for IL8, CXCL3,
CXCL1, IL1, IL6, CSF2 and TNFa. In
general, live bioﬁlms stimulated greater
changes in gene expression than did
ﬁxed bioﬁlms (Fig. 2 and Table 1).
Principal component analysis of the
gene-expression data for all genes and
all conditions was carried out (Fig. 3).
Each point represents a vector derived
for each experimental condition from
the ﬁrst two principal components,
which accounted for 74.5% and 10.6%
of the variance, respectively. Visual
representation of these data shows
clustering of the epithelial cell response
to live bioﬁlms compared with ﬁxed
bioﬁlms (Fig. 3A), and of the epithelial
cell response to mixed-species bioﬁlms
compared with monospecies bioﬁlms
(Fig. 3B).
Production of cytokines from
epithelial cells co-cultured with
bacteria
Following the investigation of
changes in gene expression, we sought
to determine changes in release of
cytokines into the cell-culture super-
natant. Live single-species and mixed-
species bioﬁlms stimulated modest
release of IL-8, IL-6 and granulocyte
colony-stimulating factor. Compared
with the medium-only control, the
mixed live bioﬁlms stimulated
signiﬁcant cytokine release at both 4
and 24 h (Fig. 4, and summary of sta-
tistical analysis in Table 2).
Epithelial cell viability following co-
culture with biofilms
To investigate changes in cell viabil-
ity, OKF6-TERT2 epithelial cells
were challenged with live or metha-
nol-ﬁxed, mixed or single-species bio-
ﬁlms, for 4 and 24 h. Compared with
the viability of cells cultured with
medium only, the majority of the bio-
ﬁlms caused a statistically signiﬁcant
reduction in cell viability, as measured
by either method (Table 3). The mag-
nitude of change in viability, assessed
by alamarBlue, varied, with epithe-
lial cells challenged with live bioﬁlms
appearing to maintain viability close
to that of medium control for 4 h,
and viability declining at 24 h
(Fig. 5A). All bioﬁlms caused statisti-
cally signiﬁcantly elevated release of
histone compared with the medium
control (Fig. 5B).
Discussion
The data obtained in the present
study demonstrate that an epithelial
cell line generates a distinct cytokine
gene- and protein-expression signa-
ture in response to live or dead, single
or multispecies bioﬁlms. The data
imply immune functional conse-
quences, for both the host and bacte-
ria, of diﬀering bioﬁlm composition.
The immune response of the epithelial
cells appears to be dependent on the
type of bacterial challenge. The PCA
results demonstrate that mixed bio-
ﬁlms elicit a distinct response com-
pared with single-species bioﬁlms, and
that bioﬁlm viability impacts on the
response. Previous studies using bac-
teria in planktonic culture or a single-
species bioﬁlm of Streptococcus oralis,
F. nucleatum or A. actinomycetem-
comitans demonstrated species-speciﬁc
responses in oral epithelial cells.
Generally, planktonic bacteria of
greater pathogenicity stimulate
increased levels of pro-inﬂammatory
cytokines, such as IL-6, IL-8 and IL-
1b (7,16). The cells generated a range
of cytokines and chemokines, with
A B
C D
Fig. 4. Epithelial cell cytokine release following stimulation with diﬀerent bioﬁlms. OKF6-
TERT2 epithelial cells were cultured with medium only (m) or challenged with live or ﬁxed
bioﬁlms of Streptococcus mitis (Sm), Porphryomonas gingivalis (Pg) and mixed-species
(Mix) bioﬁlms for 4 h (white bars) and 24 h (black bars). Protein concentrations in the
cell-culture supernatants were measured using Luminex multiplex beads. (A) IL-8, (B)
IL-6, (C) IL-1b, (D) GCSF. Each bar represents the mean  standard error of the mean
of duplicate measurements of two independent experiments. *Signiﬁcantly diﬀerent from
medium-only control; p < 0.05. **Signiﬁcantly diﬀerent from the medium-only control
after Bonferroni correction of the p value. G-CSF, granulocyte colony-stimulating factor;
IL-1b, interleukin-1b; IL-6, interleukin-6; IL-8, interleukin-8.
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functions including chemoattraction,
promotion of cell survival, endothelial
cell activation and increased adhesion
molecule expression and stimulation
of cytokine production by other cell
types (7,16). Thus, bioﬁlms, in partic-
ular the mixed-species bioﬁlm, stimu-
late all the hallmark cytokines of
gingival inﬂammation and can acti-
vate epithelial cells to coordinate
many features of gingival inﬂamma-
tion. The maturation state of the bio-
ﬁlm has been shown to result in
diﬀerential expression of IL-8 by
epithelial cells, with mature bioﬁlms
being more proinﬂammatory than
less-complex bioﬁlms (17). The rela-
tively modest response to the S. mitis
bioﬁlms, observed in these studies, is
consistent with previous observations
that show a similar epithelial cell
response to monospecies Streptococ-
cus bioﬁlms or multispecies bioﬁlms
containing bacteria classed as ‘early
colonizers’ (7,16,18). Our data show
clear discrepancies between the levels
of gene expression and the levels of
protein released, particularly in
response to live mixed-species bioﬁlm,
which caused statistically signiﬁcantly
more up-regulation of mRNA for
IL-6, IL-8, IL-1 and CXCL5 than the
ﬁxed bioﬁlms, but only relatively
small increases in concentration of
cytokines in supernatants. We specu-
late that this enhanced response to
live cells reﬂects stimulation by sol-
uble products released from viable,
but not ﬁxed, bioﬁlms. In addition,
the bioﬁlm ﬁxation process may have
altered bacterial antigens such that
they are less stimulatory to epithelial
cells.
Higher concentrations of cytokines
were detectable in supernatants after
culture with dead bioﬁlms than after
culture with live bioﬁlms. The epithe-
lial cells clearly respond to these bio-
ﬁlms but there is also likely to be
post-translational modiﬁcation of
cytokines where there is live bioﬁlm
present. Studies using multispecies
oral bioﬁlm models have reported
similar ﬁndings when investigating
protein expression and attributed this
to cytokine degradation by P. gingi-
valis, with reduction of IL-8 in super-
natant following co-culture only
when P. gingivalis and their gingi-
pains were present in the bioﬁlm
(9,18,19). In addition to the impact
Table 2. Comparison of cytokine concentrations detected in cell-culture supernatants
A: cytokines assessed
at 4-h culture time
point
smbﬂive smbfdead smbfdead mix live
mix live mix live mix dead mix dead
IL-8 00.078 0.174 0.404 0.118
IL-1b 0.001 0.001* 0.036* 0.968
IL-6 0.071 0.014 0.069 0.216
GM-CSF 0.033 0.033 0.500 0.359
G-CSF 0.002* 0.004 0.094 0.034*
TNF 1.000 1.000 1.000 1.000
B: cytokines assessed
at 24-h culture time
point
smbﬂive smbﬂive smbfdead smbfdead pgbﬂive pgbﬂive pgbfdead pgbfdead mix live
pgbfdead mix live mix live mix dead pgbfdead mix live mix live mix dead mix dead
IL-8 0.162 0.055 0.202 0.772 0.010 0.001* 0.022 0.030 0.004
IL-1b 0.348 0.083 0.002* 0.025 0.663 0.337 0.199 0.430 0.007
IL-6 0.400 0.231 0.020 0.198 0.598 0.368 0.020 0.241 0.001*
GM-CSF 0.009 0.000* 0.015 0.423 0.357 0.241 0.026 0.009 0.000*
G-CSF 0.087 0.013 0.020 0.205 0.532 0.299 0.085 0.077 0.017
TNF 1.000 0.423 0.423 1.000 1.000 0.423 1.000 1.000 0.423
G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte–macrophage colony-stimulating factor; IL-1a, interleukin-1alpha;
IL-1b, interleukin-1beta; IL-8, interleukin-8; TNF, tumour necrosis factor.
Values calculated using Welch’s t-test are shown in italics. Bold denotes statistically signiﬁcant diﬀerences in the comparison listed at top.
bf, bioﬁlm; dead, ﬁxed; mix, mixed species; pg, Porphyromonas gingivalis; sm, Streptococcus mitis. Comparisons that showed no diﬀerences
were omitted from the table.
*Signiﬁcant after Bonferroni correction.
Table 3. Viability of cells stimulated for 4 and 24 h with diﬀerent bioﬁlms, compared with
the medium-only control. Values were obtained using multiple comparisions by ANOVA
with post-hoc t-tests
Study time point and method














AlamarBlue 0.086 1.000 1.000 0.001 0.000 0.018
Histone 0.0025* 0.008 0.003 0.006 0.0016* 0.004
24 h
AlamarBlue 0.004 0.0025* 0.003 0.0015* 0.0004* 0.011
Histone 0.0004* 0.019 0.0013* 0.017 0.008 0.023
bf, bioﬁlm; dead, ﬁxed; mix, mixed species; pg, Porphyromonas gingivalis; sm, Streptococ-
cus mitis.
Bold denotes statistically signiﬁcant diﬀerences compared with medium control.
*Signiﬁcant after Bonferroni correction.
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of speciﬁc gene products, there are
likely to be eﬀects resulting from
strain variation in the individual spe-
cies within the bioﬁlm. The species
chosen in these studies reﬂected those
used in previous studies (9). Porphy-
romonas gingivalis ATCC33277 has
type I FimA, expresses gingipains and
does not have a capsule. This strain is
capable of in vitro bioﬁlm formation
and will induce alveolar bone loss in
animal models (20). Aggregatibacter
actinomycetemcomitans 43718 is sero-
type b, which produces cytotoxic
membrane vesicles and is clinically
associated with aggressive periodonti-
tis (21). Although the coexistence of
periodontal microbiota in clusters is
well established, there is limited under-
standing of how diﬀerent strains coex-
ist. It would be of interest to deﬁne
how strain variance dictates bioﬁlm
characteristics in vivo and how this
impacts on the host response.
Mixed-species bioﬁlms had a
marked impact on cell metabolic
activity and cell death by apoptosis.
Similar patterns of cell death were
observed using each method, suggest-
ing that the epithelial cell death fol-
lowing exposure to multispecies
bioﬁlms is the result of a combination
of apoptosis and necrosis. Guggen-
heim et al. (19) observed that human
gingival epithelial cells co-cultured
with their ‘subgingival’ nine-species
bioﬁlm model underwent apoptosis in
a time-dependent manner at 4 and
24 h. Studies using gingival tissue
biopsies have shown increased levels
of apoptosis in periodontitis samples
compared with healthy controls, sug-
gesting that tissue destruction by
apoptosis plays a role in the pathogen-
esis of periodontitis (22). Nonetheless,
even though there is cell death, the
remaining viable cells clearly respond
to the bioﬁlms. It is not clear if there
are a priori biological diﬀerences
between the cells that maintain viabil-
ity and those that die. The increased
cell death over time hints that this
may be simply a feature of the kinetics
of cell exposure to the insult.
In summary, our data show that
bioﬁlms diﬀerentially modulate the
epithelial cell immune response based
on bioﬁlm composition. The detailed
characterization of the plethora of
in vitro model systems investigating
host–pathogen interactions should
yield a picture of the caveats and ben-
eﬁts of diﬀerent platforms for diﬀer-
ent applications. Using these data,
platforms can be appropriately
selected for a variety of host tissues in
co-culture with bioﬁlms and aid in
in vitro studies carried out to
understand disease pathogenesis and
to identify potential novel therapeutic
targets for periodontal disease.
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